For this study, we designed an implantable rectangular spiral antenna for medical biotelemetry in the Medical Implant Communications Service band (402 MHz to 405 MHz). The designed antenna has a U-shaped loop for impedance matching. The antenna impedance is easily adjusted by controlling the shape and length of the Ushaped loop. Significant design parameters were studied to understand their effects on the antenna performance. To verify the potential of the antenna for the desired applications, we fabricated a prototype and measured its performance in terms of the resonant characteristics and gain radiation patterns of the antenna. In the testing phase, the prototype antenna was embedded in human skin tissue-emulating gel, which was developed to simulate a real operation environment. The measured resonant characteristics show good agreement with the simulations, and the -10 dB frequency band is within the range of 398 MHz to 420 MHz. The antenna exhibits a maximum gain of -22.26 dBi and an antenna efficiency of 0.215%.
I. Introduction
Nowadays, wireless technologies for various medical applications have attracted a lot of interest with the growing need to improve patient comfort and care [1] - [5] . In particular, one of the latest developments is in the field of wireless medical telemetry between implanted devices and external equipment for diagnostic and monitoring purposes [6] . For wireless communication with medical implants, several frequency bands have been allocated; however, the most commonly used band is the Medical Implant Communications Service (MICS) frequency band (402 MHz to 405 MHz) assigned by the Federal Communications Commission [7] . MICS has replaced the previous low-frequency inductive link with radio-frequency linked communication; the latter can overcome the drawbacks of the former, such as a slow data rate, short-range communication, and sensitivity to the positioning between the inner and outer coils [8] - [9] .
Implanted devices are inserted into a human or animal body and communicate physiological information, such as glucose level, blood pressure, and temperature, to external equipment. An implantable antenna ensures wireless biotelemetry and is, therefore, a crucial part of the implanted components, which also include a transceiver, chips with circuits, and biosensors. The fact that an implantable antenna has to work inside the human body makes the antenna design very challenging. In general, design of an implantable antenna should take into account miniaturization, biocompatibility, impedance matching, far-field gain, and patient safety, among other aspects [10] .
A variety of implantable antennas have been investigated for use in biotelemetry. A patch design has received wide attention for such application thanks to its well-known flexibility in shape, conformability, and miniaturization [11] - [12] . To emphasize the miniaturization, circular-and squareshaped planar-inverted F-antennas with a stacked structure have been suggested for biotelemetry in the MICS band [13] - [14] . For the same application, meandering-and spiral-shaped patches have also been presented [15] - [20] .
For this study, we consider an implantable rectangular spiralshaped configuration and evaluate the potential of the antenna for use in biotelemetry within the MICS band. To reduce the size of the antenna, a spiraling of the conductor patch was realized on a high-permittivity dielectric substrate material. The antenna has a U-shaped loop structure to transform the antenna impedance to the desired value [21] . The antenna impedance can be easily adjusted by controlling the shape and length of the U-shaped loop. Several parameters were studied to obtain a complete insight into the antenna performance. Simulations and designs were carried out based on Ansoft's EM simulator, HFSS. To account for a general tissue implantable antenna, a single-layer-of-human-skin-tissue-model is assumed [10] . The potential of the antenna design was verified through manufacturing a prototype and measuring its resonance characteristics and gain radiation patterns in the MICS band. To provide a real operation environment for the antenna, we developed a human skin tissue-emulating material that had similar electrical properties to those of human skin ( r = 46.7 and  = 0.69 S/m at 402 MHz) [22] .
II. Antenna Geometry
The configuration of the considered rectangular spiral antenna and its geometric parameters are shown in Fig. 1 . A conducting spiral configuration with a U-shaped loop structure of 0.5 mm in width and 18 μm in thickness was printed on a 0.635 mm thick (t 1 ) high-permittivity dielectric substrate ( r = 10.2, tan  = 0.03) and covered with a bio-compatible 
superstrate layer ( r = 3.78). Since human tissue is lossy and conductive, the superstrate layer plays a role in preventing an undesirable short-circuit by separating the metallic radiator from the human tissue. A 1 mm thick (t 2 ) superstrate was considered for this study. Consequently, the size of the antenna is 20 mm × 10 mm × 1.653 mm, which is quite pertinent to an implanted wireless system. The width and spacing between the edges of the spiral-shaped conductors are set to 0.5 mm and 0.4 mm, respectively, to simplify the design parameters. A Ushaped loop structure with u 1 = 1.6 mm is used to match the antenna impedance to 50  feeding.
III. Antenna Design and Parametric Studies
Antenna Design and Simulation Results

A. Antenna Design
The simulation model for the antenna design is presented in Fig. 2 . The antenna was placed inside of a 100 mm × 100 mm × 20 mm simplified canonical human skin tissue model ( r = 46.7 and  = 0.69 S/m at 402 MHz) to take account of the operating environment, and it was located at a depth of 10 mm under the skin. The antenna simulation was conducted using the HFSS.
A three-step process was used for an efficient design. In the first step, since the spiral can be thought of as a modified dipole, an initial total spiral length of about half a wavelength (58.7 mm) was adopted without a U-shaped loop and then manually modified to resonate at the design frequency (403.5 MHz). In the next step, the U-shaped loop is attached to the spiral configuration, as shown in Fig. 1 . The small spiral configuration has impedance with a small radiation resistance and capacitive reactance; hence, the attached U-shaped loop provides the antenna with an impedance transformation, increasing both the resistance and the shunt inductance, which cancels the capacitive part of the antenna impedance and achieves a matching with the feeding impedance. In the final step, the spiral lengths (l 1 through l 7 ) and U-shaped loop length (u 2 ) are simultaneously modified until the antenna resonates at the desired frequency. The resonance frequency and antenna impedance are mainly dependent on the spiral and U-shaped loop lengths, respectively, and thus only a small number of iterations are needed.
B. Antenna Performance
The finally determined parameters of the designed antenna are summarized in Table 1 . The simulated reflection coefficient of the antenna with the determined parameters in the skin tissue model, in which good resonance is achieved within the frequency band of 402 MHz to 405 MHz, is presented in Fig. 3 . However, the resonant frequency increases to 478 MHz, and the matching deteriorates if the antenna is placed in air, as shown in Fig. 3 . Moreover, the resonant characteristics of the designed antenna were analyzed in the cases of three different tissue types (skin, fat, and muscle), as shown in Fig. 3 ; the similar geometry was considered in [6] . As shown in Fig. 3 , there is not a crucial shift in the resonant characteristics.
The radiated electromagnetic power from the implanted antenna is absorbed by the tissue surrounding the antenna, which gives rise to a critical issue related to patient safety. To preserve patient safety, the power incident on the implantable antenna should be limited to the maximum allowable level in accordance with maximum specific absorption rate (SAR), which is a generally accepted exposure measure. The IEEE C95.1 defined that the SAR averaged over any 1 g of cubicshaped tissue be restricted to less than 1.6 W/kg (SAR 1 g, max ≤ 1.6 W/kg) [23] - [24] . For this purpose, an SAR numerical analysis is performed at 403.5 MHz. Figure 5 shows the 1 g average SAR in decibels normalized to 321 W/kg (peak SAR value) when 1 W of power is delivered to the antenna. The simulation results indicate that the delivered power should be less than 4.99 mW to comply with the above-mentioned SAR restriction.
Parametric Studies
To understand the effects of the antenna parameters on antenna performance, parametric studies were carried out [25] . Four parameters; that is, spiral arm length, U-shaped loop length, material permittivity, and thickness, are considered in this study.
A. Effects of Spiral Arm Length
To evaluate the effects of the spiral arm length, the length of l 7 , with the other parameters in Table 1 arm length (l 7 ) are presented in Fig. 6 . As expected, a longer spiral arm length simultaneously increases the current path on the spiral patch and the effective size of the antenna, which results in a lowering of the resonant frequency.
B. Effects of U-Shaped Loop Length
The proposed antenna has a U-shaped loop to make its impedance match that of the feeding circuit. The U-shaped loop gives a shunt inductance and cancels the capacitive reactance of the small spiral configuration; consequently, impedance matching is achieved. A conceptual description and the estimated impedance of the antenna impedance with respect to various u 2 (here, u 1 is fixed at 1.6 mm) are indicated in Figs. 7 and 8, respectively. As can be seen from these figures, keeping the resonant frequency fixed and increasing the value of u 2 , we can observe that the real part of the impedance of the antenna increases while the imagery part remains at zero. Based on this study, the antenna impedance is adjusted by changing the length of u 2 , and impedance matching can be attained. 
C. Effects of Substrate and Superstrate Materials
The selection of the substrate and superstrate materials is significant in the design of the antenna in terms of its long-term compatibility. Three commonly used substrate materials; that is, Macor, alumina, and RO 3210, all 0.635 mm in thickness, were compared, as shown in Fig. 9(a) . In this comparison, quartz ( r = 3.78) was considered as the superstrate. The results reached our expectation; a higher permittivity of the substrate makes the effective wavelength shorter and the resonant frequency lower. The superstrate materials; that is, Teflon, quartz, and Macor, having the substrate of RO 3210 in common are also varied and a similar trend as with the substrate was obtained, as shown in Fig. 9(b) . Therefore, a prudent choice of the substrate and superstrate materials is required to ensure the antenna performance.
D. Effects of Substrate and Superstrate Thickness
The effect of the material thickness on the antenna performance is also estimated. The substrate thickness (t 1 ) is changed with a fixed superstrate thickness (t 2 ) of 1 mm, and the superstrate thickness (t 2 ) is changed with a fixed substrate thickness (t 1 ) of 0.635 mm. As the materials thickness are increased, their respective effective permittivities decrease owing to the insulation of the antenna from the higherpermittivity tissue material; hence, the resonant frequency increases (see Fig. 10 ). However, for the extreme substrate thickness (t 1 = 0.127 mm) in Fig. 10(a) , the impedance matching is degenerated, and the U-shaped loop should be adjusted for this thickness.
IV. Prototype Antenna, Tissue-Emulating Material
Fabrication, and Measurement
Fabrication of Prototype Antenna and Tissue-Emulating Material
To verify the performance of the designed antenna, a prototype was fabricated, as shown in Fig. 11(a) . A conducting spiral configuration and U-shaped loop structure of 18 μm in thickness were realized on a high-permittivity 0.635 mm thick Rogers RO 3210 ( r = 10.2, tan  = 0.03) substrate and 1 mm thick quartz-glass ( r = 3.78) superstrate. For differential feeding, a balun (TDK ATB2012-50011) was soldered onto the bottom of the antenna, and an SMA connector was connected to the unbalanced line of the balun.
For the in-body operation environment of the antenna, gelatinous tissue-emulating material with similar electrical properties as human skin in terms of permittivity and conductivity was also developed [26] , as shown in Fig. 12(a) . The tissue-emulating material is made of deionized water, sucrose, sodium chloride, and agarose. The recipes for the MICS band are given in Table 2 . The development process can be briefly described as follows: i) sucrose and sodium chloride are melted in deionized water with slight warming, ii) agarose powder is added into the liquid solution and the mixture is stirred while heating until a clear solution forms, and iii) the mixture is cooled to room temperature. Here, agarose is used to solidify the liquid mixture for easy measurement. The permittivity and conductivity were measured using an Agilent 85070E dielectric probe kit and a network analyzer. 
Measurement of Fabricated Antenna
The performance of the fabricated antenna was verified in terms of its resonance characteristics. The antenna was imbedded in the developed tissue-emulating gel, and the reflection coefficient was measured, as shown in Fig. 11(b) . Deionized water 45% Agarose 0.9 g/100 ml solution Fig. 13 . Gain radiation pattern of designed antenna at 403.5 MHz. The measured values are also shown in Fig. 3 for a comparison with the simulation results. The measured frequency band is within the range of 398 MHz to 410 MHz with a -10 dB bandwidth criterion (from 395 MHz to 409 MHz in the simulation). An antenna with a 1 mm longer spiral arm (l 7 ) and 1 mm shorter U-shaped loop (u 2 ) than the designed antenna shows good agreement with the simulation results, which is possibly due to the complex errors in the substrate permittivity, superstrate permittivity, thickness, tissue-emulating material, and manufacturing process.
The gain radiation patterns in the x-z and y-z planes at 403.5 MHz are measured and simulated, as shown in Fig. 13 . Maximum gains of -22.26 dBi and -24.29 dBi are obtained from measurement and simulation, respectively. An antenna efficiency of 0.215% was obtained in measurement and is comparable to the antennas in [10] , [14] , [16] , [20] , and [22] .
V. Conclusion
In this study, we considered an implantable rectangular spiral antenna for wireless biotelemetry in the MICS band (402 MHz to 405 MHz). In designing an implantable antenna, there are requirements and constraints related to its small size, biocompatibility, impedance matching, far-field gain, and patient safety, among other factors. To miniaturize the antenna, a spiral configuration was adopted and realized on a highpermittivity substrate. The antenna impedance was adjusted using a U-shaped loop structure. The antenna impedance was easily adjusted by controlling the shape and length of the Ushaped loop. To preserve patient safety, a 1 g SAR distribution is estimated, and the incident power on the antenna should be less than 4.99 mW to comply with an SAR restriction of IEEE C95.1 (SAR 1 g, max ≤ 1.6 W/kg). Antenna parameters such as the spiral arm length; U-shaped loop length; and material and thickness of the substrate and superstrate were studied to understand their effect on the antenna performance. The potential of the designed antenna for biotelemetry application was demonstrated through a prototype fabrication and performance measurement based on the resonant characteristics and gain radiation pattern. A human skin tissueemulating material was also developed to provide a real environment for the antenna. The measurements showed that the resonant characteristics were in good agreement with the simulations, and the frequency band ranged from 398 MHz to 410 MHz with a -10 dB bandwidth. A maximum gain of -22.26 dBi and an antenna efficiency of 0.215% were obtained.
